ABstrAct: BRCAPRO is a widely used model for genetic risk prediction of breast cancer. It is a function within the R package BayesMendel and is used to calculate the probabilities of being a carrier of a deleterious mutation in one or both of the BRCA genes, as well as the probability of being affected with breast and ovarian cancer within a defined time window. Both predictions are based on information contained in the counselee's family history of cancer. During the last decade, BRCAPRO has undergone several rounds of successive refinements: the current version is part of release 2.1 of BayesMendel. In this review, we showcase some of the most notable features of the software resulting from these recent changes. We provide examples highlighting each feature, using artificial pedigrees motivated by complex clinical examples. We illustrate how BRCAPRO is a comprehensive software for genetic risk prediction with many useful features that allow users the flexibility to incorporate varying amounts of available information.
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Introduction: Background
The BRCAPRO genetic risk prediction model 1 is widely used in genetic counseling and is freely available through the open source R package BayesMendel 2 and through a web based risk service 3 interface. Genetic counseling packages CancerGene 4 and HughesRiskApps (HRA) 5 also embed BRCAPRO calculations.
BayesMendel is a statistical package designed to calculate Mendelian risk prediction of different types of inherited disease, according to the family history provided as an input. It includes several modules: BRCAPRO [breast and ovarian cancer (BC and OC)], MMRpro (colorectal and endometrial cancer), PancPRO (pancreatic cancer), and MelaPRO (melanoma) models, as well as the functionality to adapt these models to specific populations and to develop new Mendelian risk prediction models for other syndromes.
The BayesMendel R package has been consistently updated during the last decade: 11 versions were released from 2004 to 2007 (versions 1.1-15 to 1.4-3). These versions allowed input of family history up through relatives of first and second degree to the counselee. Starting with version 2.0 in 2008, relatives of any degree could be included in the family history, and 11 versions of BayesMendel were released from 2008 to 2014 (versions 2.0-1 to the currently available 2.1-1). The different risk modules of the BayesMendel package, in general, return as output
• the probabilities of carrying a germline mutation in genes relevant to the specific cancer (eg, BRCA1 or BRCA2 or both for BRCAPRO); • the future risk of cancer within a user-specified time window: in particular • the future risk of BC for an unaffected counselee, • the future risk of contralateral BC (CBC) for a counselee already diagnosed with unilateral BC, and • the future risk of OC for an unaffected counselee.
As it will be shown in one example, the standard time window used for the risk prediction is 5 years, but this can be modified by the user to any value.
Here we review some of the most useful features that have been incorporated in the recent releases of BayesMendel, focusing only on BRCAPRO, and illustrating each feature with examples. Only in one case we will refer directly to the output of the R version of BRCAPRO for listing the results that the software returns under different scenarios. The same results are provided by CancerGene, HRA, and the online risk service. In fact, CancerGene and HRA are directly used for counseling, while the role of the R version is at the back-end of these tools, to supply the numerical results only. Thus, these clinical tools are better equipped with counseling-friendly features such as graphs and tables showing various diagnosis and risks to help make clinical decisions. Here we focus on illustrating various features of the R package directly, rather than specific outputs of CancerGene and HRA.
Methods
For the purpose of illustration, we use artificially generated families. In these examples, we consider "large" (29 individuals or more) as well as "small" (10 individuals or less) families. We have chosen families with different types and numbers of members to illustrate variations in the distributions of the diseases and age of onset across the family members. Specifically, we include families with occurrence of BC only, families with BC and OC diagnoses, a family with no cancer diagnoses, a family with one BC within a pair of twin sisters, and a family including rare occurrence of male BC. These choices allow us to give a more complete description of the software capabilities, and show how its applicability is not restricted to family with a specific size or structure. From a computational standpoint, we note that BRCAPRO results are not affected by the size or type of the pedigree, but it is reasonable to expect that the accuracy of the risk estimates will increase with more information (including size) on the pedigree if that information is correct.
In a few examples, we modify some of the information in a pedigree to demonstrate specific features of BRCAPRO. Specifically, the covered modifications will include removal of affection ages, to mimic the situation in which such information is missing; addition of information about tumor markers for the counselee (if affected) or for a different affected member of the family; addition of information on oophorectomy for an unaffected proband or relative; modification of ethnicity information on the paternal and/or maternal side, and modification of the information on race.
Families. Figures 1-3 show three randomly generated "small" pedigrees with different family structures and different combinations of affected (with either BC or OC) and unaffected probands and relatives. In each figure, the boldface number above each member indicates his/her identifying number (ID) within the pedigree. The number below each member is either the affection age (if affected) or the current age/ age at death (if unaffected), whenever available. The member indicated by an arrow is the proband or counselee, for which the results are calculated by the model. Diagnoses of BC and OC are indicated accordingly, and the diagnosis of unilateral (as opposed to bilateral) BC is indicated by the symbol "(1)" next to BC. The pedigree plotting package that BRCAPRO internally calls (R package kinship2) automatically assigns a number to each individual in the pedigree; the numbers are not returned when the pedigree is plotted, but in this case they have been added in bold in the upper-right corner of each symbol for the sake of easy reference.
To account for more complex family structures, we have also randomly generated three "big" pedigrees with different structures and different combinations of affected (with either BC or OC) and unaffected probands and relatives. These are represented in Figures 4-6 using the same notation as in Figures 1-3 . We also observe that the plotting package kinship2 does not show whether a person is alive or deceased. For example, in family 2b, individual 12 (with age listed as 88) has a child with ID 45 of age 15. However, both of these ages denote the age of death (and not the current age) and hence it does not lead us to conclude that an 88-year-old mother has BrcA prevalences and penetrances. A dataset of penetrance information by sex, mutation status on BRCA1/2, and age is used by BRCAPRO as one of the main parameter sources. Entries in this dataset are the net probability of developing cancer in a 1-year interval, in the absence of death or censoring. The female penetrances are obtained by combining the best available published estimates with a large set of tested families assembled through the National Cancer Institute's Cancer Genetics Network. More specifically, they are based on a meta-analysis of nine studies using the DerSimonian and Laird random effect modeling approach. 6 The male penetrance estimates are based on one of the largest US-based cohort collected retrospectively through the Cancer Genetics Network. 7 The default prevalence values 8 9 , BRCAPRO has been expanded with the possibility of calculating the age-specific risk of contralateral BC. The risk values are automatically returned for the counselees who are affected with BC. For example, consider family 1s in which the counselee (ID #1) has been diagnosed with a BC at age 37, and her current age is 38. The default BRCAPRO outputs are the probability of being a BRCA mutation carrier and the marginal probabilities of being a BRCA1 or a BRCA2 mutation carrier. In addition to these, as the counselee is affected with BC, BRCAPRO returns her If a counselee is only diagnosed with OC, as, for instance, the proband (ID #1) in family 2s, BRCAPRO returns only the risk of being diagnosed with the first BC, as shown below in the output returned by the R version of the software:
The probability of being a carrier is 0.0197 an BRCA1 carrier 0.0145 an BRCA2 carrier 0.0052 The risks of developing cancers are If, on the contrary, a counselee is unaffected, the risks of being diagnosed with both BC and OC are provided. For example, for the unaffected counselee in family 3s, the 2-year risks of both BC and OC are calculated as follows:
The probability of being a carrier is 0.0020 an BRCA1 carrier 0.0007 an BRCA2 carrier 0.0013 The risks of developing cancers are Note that in this latter case we have used a simple option to display risk evaluations in a 2-year time window as opposed to the default 5-year time window provided in the first two examples.
Note also that the mutation probabilities and cancer risks are the only outputs returned by the software: here, the general problem is estimating the risk of developing either BC or OC rather than testing of a hypothesis. Thus, no significance is attached to the risk values. The use of BRCAPRO in a clinical setting involves dealing with several problems of communication and understanding the results; the developers' team, in consultation with clinicians, felt that even the presence of a 95% confidence interval (CI) for each risk value could raise an excessive difficulty on the patients' side to understand the statistical meaning of the results: this is the main reason why no CIs are shown with the risk values, even though they can be calculated in a relatively straightforward manner.
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Imputation of current and affection ages. One of the main features of a recent release of BRCAPRO is the ability to deal with missing current ages or ages at diagnosis. For instance, in both families 1s and 2s we observe that there are some individuals with missing information on current age (the brother, niece, and sister-in-law of the counselee, respectively, with ID #4, 10, and 11 in family 1s; and the grandmother and the brother of the counselee with ID #6 and 10 in family 2s). BRCAPRO 2.1 automatically imputes the values of the current ages of unaffected relatives based on the algorithm BRCAPROLYTE-Plus 11 , and displays the following warning message:
"Warning: Unknown ages of some unaffected and affected family members have been imputed. You may want to get more information about family member ages and re-run the calculation", and then proceeds with the calculation of the results.
Let us consider family 1s and summarize into Table 1 the results obtained for different scenarios, with the increments and decrements in probabilities from the initial status (first row) indicated with ↑ and ↓, respectively:
We observe an increase in the probability of a deleterious mutation in the BRCA genes of the proband when the affection ages of the aunt and the grandmother are imputed by the model, together with imputation of the already missing ages of the nonaffected brother, sister-in-law, and niece. BRCAPRO imputes the missing affection ages of family members using a multiple imputation approach. In particular, a large number of affection ages (by default 100) are sampled using the Surveillance, Epidemiology, and End Results (SEER) program incidence rates of BC and OC; for each sampled age, the probabilities are calculated and then averaged, which is what is finally returned in the output.
To get further insight into the functioning of the multiple imputation algorithm, we consider a variation of family 1s whose results were shown in Table 1 . In the original configuration, wherein only the missing current ages for the nonaffected brother, sister-in-law, and niece of the proband are imputed, we artificially lower the affection ages of the aunt (#8) and grandmother (#6) of the proband, respectively, to 35 and 32 (in the original dataset they were 63 and 58). Table 2 shows the results with the increments and decrements in probabilities from the original status indicated with ↑ and ↓, as usual. Also, we have added a row for the scenario where the affection ages of these two relatives are assumed to be missing and are imputed (same as the last row of Table 1) for ease of comparison.
Note that the risk is much larger when artificial ages of 35 and 32 are used compared to when those affection ages are imputed. This is because the imputed age, which is an average over multiple imputations, is in this case higher than these artificial ages but is less than the real ages of 63 and 58, and younger affection ages are stronger indication of mutation. The imputation is consistent with the fact that SEER's average affection age of BC is between 60 and 80.
tumor marker information. The information on tumor markers -estrogen receptor (ER) status, expression of two of the basal cytokeratins (CK14, CK5/6), progesteron receptor (PR) status, and HER2 status -can be incorporated whenever available for the counselee or any affected relative. The marker status can be positive, negative, or unknown.
We illustrate this by considering family 1s. With no information on tumor markers, the proband (ID # 1) has carrier probabilities as listed in the first row of Table 3 . Further, the table shows how carrier probabilities change when changing tumor status for the proband; in particular, the differences are indicated by either ↑ or ↓ from the baseline probability, where no tumor marker information is used:
The results shown in Table 3 are consistent with what is known about the relations between molecular subtypes of breast cancers and BRCA mutations as we discuss in the following. It is widely acknowledged that triple-negative BCs (presenting with ER-, PR-, and HER2-) are an overlapping category with basal-like BCs (featuring cells with similar characteristics to the outer cells surrounding the mammary ducts). Most triple-negative tumors are basal-like and most basal-like tumors are triple negative; however, not all triplenegative tumors are basal-like, and not all basal-like tumors are triple negative. In particular, most BCs for patients carrying BRCA1 mutation are both triple negative and basal-like: this is the reason why a proband with a negative ER status (row 2 of Table 3 ) is shown to have an increased probability of a BRCA1 mutation (and a decreased probability of a BRCA2 mutation).
On the other hand, most BRCA2-related BCs tend to be ER+, which justifies the increased probability of BRCA2 mutation (and a decrease in BRCA1 probability) in row 1 of Table 3 compared to row 2. Moreover, basal cytokines CK5/6 and CK14 are expressed in basal-like tumors, resulting in an even more increased probability of BRCA1 mutation and an even more decreased probability of BRCA2 mutation, as seen in row 4 of Table 3 (representing, in fact, basal-like and triple-negative BCs).
Usually, if a person is ER-, she is more likely to be a carrier; however, if a woman is both ER-and HER2+, she is more likely to be a noncarrier. HER2+ BCs are in general ER-and present, as a distinctive feature, with a mutation in genes other than BRCA1 or BRCA2: this is why the probability of a mutation in both BRCA genes is decreased in row 3 of the table. These differences illustrate the importance of using joint marker status information, whenever available.
From a computational standpoint, when the testing result for ER is negative, and the results for both CK14 and CK5/6 are also available, these three markers are treated as a group, For any family member, if the testing result for ER is available, the testing result for PR will be ignored even if it is also available, due to strong association between ER and PR results. That is, PR will not be included in carrier probability calculation when ER is available. PR will be used only when either PR only or PR and HER2 testing are available, because of their ability to indicate the possible presence of a triple-negative BC, which is often aggressive and usually has a poor prognosis.
The same trend is seen if tumor marker information is used for relatives other than the counselee. Consider, for instance, a series of tumor marker information on the counselee's aunt (individual # 8) for her BC. The results for the proband as returned by BRCAPRO, and the differences from the baseline probabilities, indicated by either ↑ or ↓, are summarized in Table 4 . A similar trend was found if the grandmother (individual # 6) instead of the aunt has the same tumor marker information (results not shown). Finally, in Table 5 we show same set of results when tumor marker information is available on both the aunt (ID # 8) and the grandmother (ID # 6).
Note that ER-/Her2+ status of just the aunt's BC on the proband's risk of a mutation is reflected in a reduction of the carrier probability compared to baseline, due to the molecular subtype classification explained above; however, if we combine the information of the tumor markers of both the BC-affected aunt and grandmother, the evidence for the presence of a deleterious mutation overwhelms the effect seen above. This is reflected in Table 5 as an increase of the probability of a BRCA1 mutation for ER-/Her+ compared to baseline, which drives the increase of the overall probability of BRCA mutation. Nonetheless, we note that this probability decreases compared to when both relatives are just ER-(same trend as in Tables 3 and 4) . oophorectomy information. If a family member has undergone oophorectomy, this information can be accounted for in BRCAPRO. Let us consider family 3s as an example. The fact that the proband herself as well as her mother and grandmother (IDs #1,4, and 6, respectively) have survived up to relatively older ages without getting BC or OC in the absence of oophorectomy makes a very strong case in favor of the absence of BRCA mutations, and thus the proband has a low carrier probability of ∼0.2%. Now let us assume that both mother and grandmother (IDs #4 and #6) had undergone oophorectomy intervention at ages 47 and 61, respectively: the carrier probabilities of the proband would be slightly increased. These changes, compared to when oophorectomy had not been performed, are explained by oophorectomy's protective effect against developing cancer. The fact that these women are cancer-free at older ages is now partly attributable to their oophorectomy intervention, which makes the relatives less likely to experience a cancer even if they carry a BRCA mutation. As a result, the counselee's chances of carrying a mutation are slightly increased. Table 6 summarizes the scenarios described above, with rows describing incremental steps in the acquisition of information about oophorectomy for the examined family members, and the last row adding also a scenario in which the counselee herself has undergone the intervention at age 65. The changes in probability with respect to the situation in which no oophorectomy information is known are, as usual, indicated with ↑ for increments, and ↓ for decrements.
We would like to note in this case that, although we see a very slight effect of oophorectomy on the mutation probability for the proband, it is widely acknowledged that oophorectomy has a larger protective effect on the risk of BC when it is performed at younger ages (generally ≤60). 12 Following this logic, BRCAPRO is specifically designed not to modify the hazard ratio for oophorectomy on the risk of BC for ages 60 and higher; that is, the risk will increase if oophorectomy is performed at age more than 60.
Mastectomy (including male mastectomy) information. Following the same logic as oophorectomy, BRCAPRO can account for bilateral mastectomy in carrier probability calculation. In particular, starting from version 2.1, BRCAPRO can allow for female and male mastectomies as possible interventions, as we show using family 1b.
We now assume to have information about a bilateral mastectomy for the counselee (ID #1) at age 53 and the uncle of the proband (ID #19), affected by male BC, at age 89. Incorporating these interventions into calculations, we obtain an increase in the carrier probabilities. As in the previous section, these increased probabilities, compared to when the mastectomy is not present, account for the fact that the intervention makes the individuals less likely to experience a cancer even if they carry a BRCA mutation. As a result, the chances of carrying a mutation are increased. Table 7 displays the incremental changes in the probabilities returned by BRCAPRO when we start from a scenario in which no information about possible mastectomies is known, and we add subsequent information about the proband and the uncle of the proband.
When information about interventions is included in BRCAPRO, the age-specific penetrance curves for BRCA1 and BRCA2 get modified. The presence of a male member affected with breast cancer is a strong indicator of BRCA2 mutation and, consequently, BRCA2 mutation risk increases when the mastectomy for the uncle of the proband is considered (as with a mastectomy, the uncle is less likely to experience bilateral BC even if he is actually a BRCA2 carrier). The slight decrease (0.001) in BRCA1 risk compared to the situation in which only the proband undergoes mastectomy may be due to the way the penetrance of BRCA1 for male individuals at that age is modified by a mastectomy. Table 6 . Probabilities of carrying mutation in either BrCa1 or BrCa2 (any BrCa), BrCa1, and BrCa2 for the proband in family 3s in different oophorectomy scenarios. specification of family race. The recent releases of BRCAPRO have included a set of race/ethnicity-specific baseline penetrances for noncarriers. The user can specify one of five different inputs: Asian, Black, Hispanic, Native American and White, while the current default assumes that the race/ethnicity of the input family is unknown, ie, none of the five possible groups, and is representative of the general population.
Race/ethnicity categories and estimates were derived using the DevCan software provided by NCI. 13 The baseline penetrance values need to be loaded into BRCAPRO from the database named BRCAbaseline.race.2008, so that a particular race among the ones indicated above can be specified. Let us consider family 2b and calculate carrier probabilities by specifying different races (Table 8) . We see that knowledge of race makes a difference in the probabilities. specification of ethnicity. Five different choices are available to specify the ethnicity of each member of a family: Ashkenazi Jewish ("AJ"),"non-AJ", "Italian", "Other", or NA. If at least one family member is "AJ", the default is to use the prevalence associated with the "AJ" for family members with unknown ethnicity. Otherwise, the prevalence associated with "non-AJ" is used for family members with unknown ethnicity. Such care in handling the "AJ" ethnicity is justified by the fact, as is well known from literature 14 , that in the US, BC risk is slightly higher among Jewish women compared to other women. This is likely due to a high prevalence of BRCA1 and BRCA2 mutations in Jewish women of Eastern European descent (Ashkenazi Jews) (about 1/40 versus between 1/400 and 1/800 in the general population).
With this feature, it is straightforward to incorporate different ethnicities for different lineages of the same family. Let us consider family 3b; by default, the ethnicity "non-AJ" is used, so in the "baseline" situation we will have all "non-AJ" individuals. Running BRCAPRO for the BC-affected proband (ID #1) in this family results in the output shown in the first row of Table 9 . Now let us suppose that the mother of the proband (ID #3) comes from an Italian family, and all the other individuals remain unspecified (NA option, and in this case these other members will be treated as "non-AJ" by default). The resulting risks for the proband for this scenario are now modified, as shown in the second row of Table 9 , and they are very close to the baseline scenario. Now let us further modify the previous situation by assuming the father's (ID #2) lineage, including the proband, as "AJ": observe how there is an increment of almost an order of magnitude in the risk for the proband with respect to the baseline situation. This happens because, if at least one family member is "AJ", BRCAPRO by default uses the prevalence associated with "AJ" for family members with unspecified ethnicity also. Note that this may lead to overestimation of the risk if, in fact, some of the unspecified relatives are not "AJ". So, this risk estimate is a more conservative estimate (erring on the side of caution).
We note, in the last two rows of the table, how the risk of the proband decreases from the previous scenario when sequentially only one grandparent (say, the paternal grandmother, ID #17) and then also the maternal grandfather (ID #16) are assumed to be "non-AJ". 
discussion
In this paper, we reviewed and showcased some of the recent additions to the widely used BRCAPRO software. BRCAPRO is part of a more comprehensive R package called BayesMendel, which includes prediction models for colorectal, endometrial, and pancreatic cancer, and melanoma. These models are employed by CancerGene, which distributes the BayesMendel package to more than 4,000 users in more than 75 countries. They are also available through a risk service, which provided, in 2014, around 15,000 risk evaluations per month, primarily through the HughesRiskApps software. The two most recent releases of the R package BayesMendel (2.0-9, released in March 2014 and 2.1, released in October 2014) have been downloaded 99 times by users in academia and 79 times by organizations outside the academic world.
BRCAPRO has allowed its users to more specifically tailor calculations for families through its incorporation of clinical intervention information (such as mastectomy, both for male and female individuals, and oophorectomy) and tumor markers for breast cancer. In version 2.0-8, released in January 2013, BRCAPRO improved the risk assessment of a recurring contralateral malignancy in patients already diagnosed with BC by including separate penetrance functions for contralateral BC. Notably, the most recent release of BRCAPRO accommodates the real-life challenges of family history data collection, specifically with its ability to impute missing ages both for affected and nonaffected individuals, and the possibility of modifying the predicted risk values according to race and ethnicity. In this last case, the software is capable of accepting multiple combinations of ethnicities for different members or lineages of the family.
For most of these new features, BRCAPRO has been evaluated in independent data and is calibrated; the results of calibration are described for the inclusion of Asian ethnicity it is widely acknowledged that BRCA-mutation carriers in different ethnic groups present with different susceptibility to BC; moreover, within a broadly defined ethnicity such as "white", there exist significant differences in the annual incidence of BC, for instance, in BRCA1 mutation carriers. 17 One direction for future work in expanding the BRCAPRO model is to incorporate specific prevalences for different and more finely defined ethnic groups as relevant data become available. This process was undertaken, for instance, for including a separate "Italian" ethnicity in the model because a separate set of prevalence values was available for Italians. Another direction of possible improvement would be the inclusion of different malignancies in family history and a more populated family of genes modifying the susceptibility of the individuals to specific cancers.
A limitation of working with clinical data is that, in general, family histories are not always clean and detailed, as data misreporting happens frequently: BRCAPRO is designed in such a way as to make specific assumptions in presence of missing data, and these assumption may lead, in some cases, to imprecise estimates.
Overall, we conclude that with the newly added features BRCAPRO now encompasses a wide variety of situations wherein different amounts and types of information may be available for different counselees. In many cases, BRCAPRO is expected to make more accurate predictions compared to its earlier versions, as it can now utilize added information. Thus, BRCAPRO can now reach a wider population with better prediction capabilities, and thereby have an even more widespread impact in familial BC counseling. 
